We explore theoretically the optimal quantum efficiency of intermediate-band solar cells (IBSCs) based on non-compensated n-p codoped TiO 2 under two different design schemes. The first preserves the ideal condition that no electrical current be extracted from the intermediate band (IB). The corresponding maximum quantum efficiency for the codoped TiO 2 can reach 52.7%. In the second scheme, current is also extracted from the IB, resulting in a further enhancement in the maximum efficiency to 56.7%. Our findings also relax the stringent requirement that the IB location be close to the optimum value, making it more feasible to realize IBSCs with high quantum efficiencies.
In recent years, several innovative concepts have been proposed for developing third-generation photovoltaic solar cells of high efficiency. Multi-junction cells maintain the world record on conversion efficiency, exceeding 40%
1 . However, their commercial production is severely limited by the complexity of the device fabrication process. Intermediate-band solar cells (IBSCs) 2 provide an intuitive approach to significantly increase photovoltaic conversion efficiency in a single-junction solar cell device. A properly located intermediate band (IB) in the intrinsic bandgap serves as a "stepping stone" in allowing photons with energies below the bandgap to excite electrons from the valence band (VB) to the conduction band (CB) via a two-step process. Through these additional excitation channels, the lower-energy photons are able to contribute to the photocurrent as well, resulting in a maximum efficiency of 63.2%, substantially higher than the Shockley-Queisser limit of 40.7% for single bandgap solar cells 3 . Since its conception, much effort has been devoted to exploring different aspects of IBSCs [4] [5] [6] [7] [8] [9] [10] [11] , and several key ingredients of the concept have been convincingly established [4] [5] [6] . However, so far high-efficiency, IBSCs are still yet to be developed 7 ; one standing challenge is how to controllably build IBs in the intrinsic bandgaps of candidate materials.
Recently, a new scheme, termed as non-compensated n-p codoping, has been proposed to create one or more tunable IBs in wide bandgap oxide semiconductors, as demonstrated for TiO 2 12 . In this scheme, both the thermodynamic and kinetic solubilities of the dopants are enhanced by the Coulomb attraction between the n-p dopant pairs, and the non-compensated nature further ensures the creation of the IB. Furthermore, the position and intensity of the IB can be tuned by choosing different combinations and concentrations of the noncompensated n-p pairs. Because of its low cost, chemical a) Electronic mail: cuipg@ustc.edu.cn.
inertness, photo-stability, and excellent charge transport properties 13 , TiO 2 has been considered as one of the most promising candidates for enhanced solar energy utilization, for example as photo-catalysts in hydrogen production via water splitting [14] [15] [16] and as charge collectors in dye-sensitized solar cells 17, 18 .
In this Letter, we propose to develop IBSCs by exploiting the very existence of IBs in non-compensated n-p codoped TiO 2 , and explore theoretically their maximum quantum efficiencies under different design schemes. We first study the quantum efficiency of codoped TiO 2 as ideal IBSCs and show that their maximum efficiency can reach 52.7%. However, a small deviation of the IB position from the optimum value would cause a large drop in the quantum efficiency. To remedy this stringent requirement, we propose a new design scheme where current can also be extracted from the IB, taking advantage of the delocalized nature of the IB built via non-compensated n-p codoping 19 . We show that the IB position can now be in a broader range within the intrinsic bandgap for sufficiently high quantum efficiencies, with the maximum efficiency increased to 56.7%. These findings suggest that the second design scheme should be more desirable in facilitating practical implementation of IBSCs.
For convenience, here we reproduce four of the seven ideal conditions of IBSCs 2 that are specially pertinent to the present work: (C1) full absorption of photons whose energies are sufficient to induce electronic excitations between any two of the three bands; (C2) nonradiative electronic transitions are forbidden; (C3) no current from the IB; (C4) for every range of energies only one of the three absorptions is important (namely, the ranges of energies that induce the three electronic excitations do not overlap with each other). The band diagram and the electron transitions between two of the three bands are shown in EG is the intrinsic energy band gap, εI is the IB position, and εC = EG − εI is the IB gap. EF V , EF I and EF C are the quasi-Fermi levels for the three bands. Chemical potentials µIV , µCV and µCI are the spacings between the three quasiFermi levels.
and per unit illuminated area are given as:
Here E G is set to 3.2eV for the bandgap of TiO 2 , T s = 6000K and T a = 300K are the solar temperature and work temperature for the IBSCs, respectively, and the function
. On the right hand side of each line of Eq. (1), the first term represents the absorption of photons that generates electronhole pairs, and the second term the emission of photons that annihilates electron-hole pairs.
If no current outputs from the IB, the number of electrons in the IB should be conserved. When the IB is quite close to the VB, photons that can induce the VB → IB transitions are much more than those that can induce the IB → CB transitions. As a result, N 1 defined by Eq. (1) is always larger than N 2 if ε I < ε 1 , as shown in Fig. 2 . In contrast, N 1 is always smaller than N 2 if the IB is quite close to the CB (ε I > ε 4 ). The lack of overlap between the ranges of N 1 and N 2 for ε I < ε 1 and ε I > ε 4 certainly contradicts with the balance of electrons in the IB, indicating that the ideal conditions cannot be satisfied in these cases. For ε I < ε 1 , the net electron transitions between the VB and IB are suppressed, as they must match the transitions between the IB and CB. The suppression can be caused by several non-ideal factors, such as partial absorption of the photons that induce the VB → IB transitions (violation of C1), or nonradiative transitions from the IB to VB (violation of C2). Similarly, for ε I > ε 4 electron transitions from the IB to CB are suppressed and the condition C1 cannot be satisfied. For the above two cases, we assume that the smaller one of N 1 and N 2 dominates the two-step transitions from the VB to CB and some non-ideal factors are considered in the other step. For ε 1 < ε I < ε 4 , there are overlaps between the ranges of N 1 and N 2 , and the ideal conditions can be satisfied. As a consequence, the current from the CB is obtained as:
(2) This current is delivered at a voltage V CB = µ CV /q. The quantum efficiency of the IBSCs is given by:
where σ is the Stefan-Boltzmann constant. The optimum quantum efficiency versus the IB position is presented by the black line in Fig. 3 . The maximum quantum efficiency, 52.7%, can be obtained given V CB = 3.00V and ε I = 1.32eV or 1.88eV where N 1 and N 2 are well matched as shown in Fig. 2 . The efficiency curve has two symmetrical peaks centered on the mid gap ε I = ε C = E G /2 = 1.6eV, a reflection of the particle-hole symmetry in the IB at this location. Since the two peaks are sharp, a small deviation in the IB position from the optimum value would lead to a large drop in the quantum efficiency. This large drop could be partly responsible for the observation that the potential high efficiency of IBSCs has not been achieved experimentally, i. e. the IB would have to be built exactly at the optimum position.
To relax this stringent working condition for IBs, we explore a new design scheme by extracting current also from the IB. N 1 can be much larger than N 2 when ε I < 1.32eV (Fig. 2) . However, if there is no current from the IB, the large value of N 1 cannot be fully exploited. Extracting current from the IB can make a better use of the possible high value of N 1 , thus improving the efficiency. In this scheme, the IB should be connected to a charge collecting contact that must be isolated from that of the CB. Here we note that in the recent experimental study of the effect of charge transport in the IB on the efficiency, both the IB and CB were connected to the same charge collecting contact 5 . We assume that the net electron transitions between two of the three bands are still determined by Eq. (1). As the IB is not an electron reservoir, only electrons can be extracted from the IB. The currents from the IB and the CB are given respectively by:
I IB and I CB are delivered at two different voltages, V IB = µ IV /q and V CB = µ CV /q. The quantum efficiency in this new scheme is revised as:
In Fig. 3 , the red line represents the optimum quantum efficiency of TiO 2 -based IBSCs versus the IB position, with current extracted from the IB. The maximum quantum efficiency can reach 56.7% with ε I = 1.03eV, V CB = 3.00V and V IB = 0.97V. It also exhibits the obvious double-peaked feature, but the two peaks are no longer symmetric, since the IB can only outputs electrons. Most notably, in the vicinity of ε I = 1.03eV, the efficiency within the present design scheme can be substantially higher than that of the ideal one, and the stringent requirement of the IB position is relaxed. When the IB is quite close to the CB, e.g. ε I > 1.88eV, photons that can induce the IB → CB transitions are abundant, and all the electrons excited to the IB from VB can be readily excited to the CB; therefore, there is no need to extract current from the IB in this regime (see Fig. 3 ). The jump in the quantum efficiency at the mid gap (ε I = ε C = E G /2 = 1.6eV) is due to the assumed condition C4. If the overlap between the three absorption coefficients 20,21 is considered, the jump, or discontinuity, can be removed, with the main results staying valid.
Here we also briefly look into the efficiency improvement for other materials as IBSCs with current extraction from the IBs. Fig. 4(a) shows the optimum quantum efficiency of general IBSCs without and with current from the IB versus the band gap. The maximum efficiency of the IBSCs under the new design scheme can reach 63.4% with E G = 2.02eV and ε I = 0.69eV, which is only slightly higher than the maximum efficiency of 63.2% without current from the IB. However, as shown in Fig. 4(a) , extracting current from the IB can significantly improve the efficiency for wide bandgap materials (E G > 2eV), suggesting that the present new design scheme is more promising for oxide-based IBSCs. The optimum efficiency of general IBSCs versus the IB position is shown in Fig. 4(b) , which also exhibits the double-peaked feature. In agreement with the results for TiO 2 , there is also no need to extract current from the IB of general IBSCs when the IB is close to the CB.
In summary, we have explored the optimum quantum efficiency of IBSCs based on codoped TiO 2 under two different design schemes. When the ideal conditions are preserved, the corresponding maximum quantum efficiency for the codoped TiO 2 can reach 52.7% but requires a stringent IB position. Upon extracting current from the IB, the IB position can be in a wide range, with a maximum efficiency of 56.7%. These results should facilitate experimental realization of IBSCs, and make n-p codoped TiO 2 as appealing candidate materials for high-efficiency solar energy utilization.
